The evaluation of the psychophysiological state of the interlocutor is an important element of interpersonal relationships and communication. Thermal infrared (IR) imaging has proved to be a reliable tool for non-invasive and contact-less evaluation of vital signs, psychophysiological responses, and emotional states. This technique is quickly spreading in many fields, from psychometrics to social and developmental psychology; and from the touch-less monitoring of vital signs and stress, up to the human-machine interaction. In particular, thermal IR imaging promises to be of use for gathering information about affective states in social situations. This paper presents the state of the art of thermal IR imaging in psychophysiology and in the assessment of affective states. The goal is to provide insights about its potentialities and limits for its use in human-artificial agent interaction in order to contribute to a major issue in the field: the perception by an artificial agent of human psychophysiological and affective states.
INTRODUCTION
We routinely interact with machines since they pervade our lives. Over the centuries, the way we interact has dramatically changed since the machines have evolved from pure mechanical tools to complex robots endowed with humanoid capabilities. If we refer to machine as every non-human non-biological actor able to passively or actively interact with humans, the fields of human-machine interaction (HMI), human-computer interaction (HCI), and human-robot interaction can be unified into the general field of human-artificial agents interaction (HAI).
A common key challenge of all typologies of the artificial agents (AA) is to set up a contingent interaction. This means that AA not only must react to human actions, but also that they must (or should) react in ways that are congruent with the emotional and psychophysiological state of the human user or interlocutor. The latter aspect is especially relevant for social and affective robots, which are designed to interact with human users in a variety of social context and over long periods of time. Such AA need to communicate with people in ways that must be promptly comprehended and accepted (Kirby et al., 2010) .
Affective state, mood, and emotion play an important role in social interaction. Emotional responses are triggered by social interactions, influenced by cultural and societal patterns, and expended to communicate desires to other people (Parkinson, 1996) . Emotions bring colloquial content, consenting conversational partners to increase the effectiveness of their communication (Clark and Brennan, 1991) . For example, the desire or the need to be comforted may be expressed through a manifestation of sadness that may be facial, vocal, or behavioral. Moreover, the actual mood of a person may have an effect on the way that person interacts with others (Forgas, 1999) . People who are interacting may unconsciously tune moods and emotions to match those of their conversational partner (Wild et al., 2001) . Cover-up of emotions can be highly disadvantageous for forming relationships and is disruptive to conversations (Butler et al., 2003) . In fact, the principal reason for social interaction is to experience emotions, which help to develop a "sense of coherence with others" (Frijda, 2005) .
People tend to treat AA as they treat other people, attempting to establish a social relationship with them (Reeves and Nass, 1996) . Therefore, the above-mentioned "sense of coherence with others" defines the core of need for congruency of the HAI. Understanding the psychophysiological state of other individuals plays an essential role for planning or adopting congruent strategies in social interactions. Such an innate capability is at the basis of empathetic sharing among humans. To give AA this capability is one of the most important challenges in the field of the HAI (Pantic and Rothkrantz, 2003) . However, recognition and instrumental measuring of affective states is also one www.frontiersin.org of the most challenging research activities in the field of applied psychophysiology.
ASSESSMENT OF PSYCHOPHYSIOLOGICAL STATES THROUGH THERMAL INFRARED IMAGING
To date, monitoring of psychophysiological and emotional states is usually performed through the measurements of several autonomic nervous system (ANS) parameters, like skin conductance response, hand palm temperature, heartbeat, and/or breath rate modulations, and peripheral vascular tone. This assessment is also performed through behavioral channels, like facial expression recognition and electromyography activity. Classical technology for monitoring autonomic activity usually requires contact sensors or devices, resulting somehow invasive and potentially biasing the estimation of the state, as the compliant participation of the individual is required.
Thermal infrared (IR) imaging was proposed as a potential solution for non-invasive and ecological recording of ANS activity (Merla et al., 2004) . Thermal IR imaging, in fact, allows the contact-less and non-invasive recording of the cutaneous temperature through the measurement of the spontaneous thermal irradiation of the body.
The autonomic nervous system is fundamentally involved in the bioheat exchange, unconsciously controlling heart rate, breathing, tissue metabolism, perspiration, respiration, and cutaneous blood perfusion. It provides an effective tool for observations of emotional responses and states. Previous research in this field has demonstrated that thermal IR imaging (also referred to as functional infrared imaging, fIRI) can characterize competing subdivisions of the ANS (Murthy and Pavlidis, 2006; Garbey et al., 2007; Merla and Romani, 2007; Pavlidis et al., 2007; Shastri et al., 2009; Merla, 2013; Engert et al., 2014) . Since the face is usually exposed to social communication and interaction, thermal imaging for psychophysiology is performed on the subject's face. Given the proper choice of IR imaging systems, optics, and solutions for tracking the regions of interest, it is possible to avoid any behavioral restriction of the subject Zhou et al., 2009) .
The reliability and validity of this method was proven by comparing data simultaneous recorded by thermal imaging and by golden standard methods, as ECG, piezoelectric thorax stripe for breathing monitoring or nasal thermistors, skin conductance or galvanic skin response (GSR). As for the latter, studies have demonstrated that fIRI and GSR have a similar detection power (Coli et al., 2007; Shastri et al., 2009; Pavlidis et al., 2012; Di Giacinto et al., 2014; Engert et al., 2014 ).
An almost exclusive feature of thermal IR imaging in stress research is its non-invasiveness. In a recent study, Engert et al. (2014) explored the reliability of thermal IR imaging in the classical setting of human stress research. Thermal imprints were compared to established stress markers (heart rate, heart rate variability, finger temperature, α-amylase, and cortisol) in healthy subjects participating into two standard and wellestablished laboratory stress tests: the cold pressor test (Hines and Brown, 1932) and the trier social stress test (Kirschbaum et al., 1993) . The thermal responses of several regions of the face proved to be change sensitive in both tests. Although the thermal imprints and established stress marker outcome correlated weakly, the thermal responses correlated with stress-induced mood changes. On the contrary, the established stress markers did not correlate with stress-induced mood changes. These results suggest that thermal IR imaging provides an effective technique for the estimation of sympathetic activity in the field of stress research.
The maturity and the feasibility achieved by thermal IR imaging suggest its use even in psychiatry or psychophysiology (Merla, 2013) . Recently, thermal IR imaging was used, together with standard GSR, to examine fear conditioning in posttraumatic stress disorder (PTSD; Di Giacinto et al., 2014) . The authors examined fear processing in PTSD patients with mild symptoms and in individuals who did not develop symptoms (both groups consisting of victims of a bank robbery), through the study of fear-conditioned response. The authors found: (a) a change of physiological parameters with respect to the baseline condition in both control subjects and PTSD patients during the conditioning phase; (b) the permanence of the conditioning effect in the maintenance phase in both control and PTSD patients; and (c) patients and controls did differ for the variation across the phases of the physiological parameters rather than for their absolute values, showing that PTSD patients had a prolonged excitation and higher tonic component of autonomic activity. These results indicate that the analysis of facial thermal response during the conditioning paradigm is a promising psychometric method of investigation, even in the case of low level of PTSD symptom severity.
Thermal IR imaging was indicated as a potential tool to create, given the use of proper classification algorithms, an atlas of the thermal expression of emotional states (Khan and Ward, 2009; Nhan and Chau, 2010) . This would be based on the characterization of the thermal signal in facial regions of autonomic valence (nose or nose tip, perioral or maxillary areas, periorbital, and supraorbital areas associated with the activity of the periocular and corrugator muscle, and forehead), to monitor the modulation of the autonomic activity.
The above-mentioned studies were possible, thanks to the impressive advancement of the technology for thermal IR imaging. Modern devices ensure a high spatial resolution (up to 1280 × 1024 pixels with up to a few milliradiants in the field-of-view), high temporal resolution (full-frame frequency rate up to 150 Hz), and high thermal sensitivity (up to 15 mK at 30 • C) in the spectral range [3÷5] μm (Ring and Ammer, 2012) . The commercial availability of 640 × 480 focal plane array of uncooled and stabilized sensors (spectral range 7.5÷13.0 μm; full-frame frequency rate around 30 Hz; thermal sensitivity around 40 mK at 30 • C) permits the extensive use of this technology in the psychophysiological arena.
However, several limitations exist for using thermal IR imaging in a real world and everyday life scenario. Because of the homeostasis, the cutaneous temperature is continuously adjusted to take into account the environmental conditions. Cautions and countermeasures must therefore be adopted to avoid attributing any psychological valence to pure thermoregulatory or acclimatization processes (Merla et al., 2004) .
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THERMAL EXPRESSIONS OF INTERSUBJECTIVITY
According to Kappas (2013) , "emotions are evolved systems of intra-and interpersonal processes that are regulatory in nature, dealing mostly with issues of personal or social concern." Emotions regulate social interaction and the social sphere. According to Kappas (2013) , social processes impact and regulate emotions. This means that "intrapersonal processes project in the interpersonal space, and inversely, interpersonal experiences deeply influence intrapersonal processes." These reciprocal connections between interpersonal and intrapersonal emotions and processes are important elements for achieving interaction awareness.
However, as outlined above, emotions may posses a thermal signature or may be characterized by a regulatory activity of the autonomic nervous system, which in turn possesses a thermal imprint through which it can be detected. In addition, the thermal modulation of real and natural social interaction among individuals can be studied non-invasively through thermal IR imaging, even recording thermal signatures from more individuals at once (Figure 1) . Therefore, it is plausible to talk in terms of thermal expression of emotions and interaction as a channel for studying intersubjectivity intended as psychological relation between people. Studies in this field have regarded mostly maternal empathy and social interaction (Ebisch et al., 2012; Manini et al., 2013) .
Early infant attachment was studied using thermal IR imaging in infants exposed to three different experimental phases: (i) separation from the mother; (ii) a short-lived replacement of the mother by a stranger; and (iii) infant in the presence of the mother and the stranger. By observing temperature changes on the infants' forehead, the researchers concluded that infants are aware of strangers and that infants form a parental attachment earlier than previously thought, specifically from 2 to 4 months after birth (Mizukami et al., 1990) .
Maternal empathy is considered fundamental to develop affective bonds and a healthy socio-emotional development. Ebisch et al. (2012) demonstrated that a situation-specific parallelism between mothers' and children's facial temperature variations exists (Figure 1) . This study was the first that proved evidence, in a pure natural context, for a direct affective sharing involving autonomic responding.
An extension of the above study with an additional group of female participants showed that mothers-child dyads in contrast to other-women-child dyads have faster empathic reactions to the child's emotional state (Manini et al., 2013) . As for the adults, fewer studies of social interaction with thermal IR imaging are available. Merla and Romani (2007) exposed the participants to the attention of unknown people, while performing a stressful task (a stroop test). The study was designed in order to elicit feeling of embarrassment and mild stress when the participants failed to www.frontiersin.org perform correctly the task in the presence of others. Temperature decreases associated with emotional sweating were observed on the palm and the face, especially around the mouth and over the nose tip. The authors reported that the largest temperature variations were found for those subjects more influenced by the presence of unknown people, while less significant variations were found in subjects less interested in the judgment of others.
Given the capability of thermal IR imaging to capture emotional states, a variety of studies examined the potential of this technique in the context of deception detection (Pavlidis et al., 2002; Tsiamyrtzis et al., 2006; Zhou et al., 2009 ). Often, individuals who commit a crime show involuntary physiological responses when remembering details of that crime. By capitalizing on the thermal imprint of such responses, Pollina et al. (2006) found significant facial temperature differences between deceptive and non-deceptive participants.
Sexual arousal has clear and marked interrelationships with ANS activity. Merla and Romani (2007) studied the facial thermal response of healthy males to the view of erotic video clips in contrast with the view of sport movies. Through bioheat models, these facial temperature variations were converted into cutaneous perfusion variations and compared with the penis response, measured through a pneumatic device. Cutaneous perfusion of specific facial regions (nose, lips, and forehead) markedly increased during sexual-based content video more than during non-sexual-based stimuli.
Hahn et al. (2012) examined social contact and sexual arousal during interpersonal physical contact. This study investigated facial temperature changes with interpersonal social contact. The stimulus was a standardized interaction with a sameand opposite-sex experimenter touching the subject over face and chest (high-intimate contact) and arm and palm (lowintimate contact). Facial temperatures significantly increased from baseline during the high-intimate contact, these temperature increases being larger when an opposite-sex experimenter touched the subject. The study demonstrated that facial temperature changes were reliable indicators of arousal during interpersonal interactions.
THERMAL IR IMAGING AND ARTIFICIAL AGENT PERCEPTION
In recent years, the robotics community has increased the availability of social robots, that is, robots devoted primarily to interact with human interlocutors. Examples of museum tourguide robots (Nourbakhsh et al., 1999) and robots that interact with the elderly (Montemerlo et al., 2002) prove the advantages of social robots. However, they also pose the awareness of the need of natural and ecologic interactions. Many of these robots incorporate some rudimentary emotional behaviors. Robots with infant-like abilities of interaction were presented (e.g., Kismet by Breazeal, 2003) and used also to demonstrate the ability of people to understand and respond correctly to a robot's display of emotions. Emotionally expressive graphical robot's face encourages interactions with a robot (Bruce et al., 2002) .
Therefore, there are several advantages that could derive from the use of thermal IR imaging for HMI. From the point of view of the computational physiology, there is the concrete possibility of monitoring, in a realistic environment, at a distance and unobtrusively, several physiological parameters and vital signs such as pulse rate, breathing rate, cutaneous vasomotor control, and indirect estimation of electro-dermal activity. This opens the way for remote monitoring of the physiological state of individuals without requiring their collaboration and without interfering with their usual activities, thus favoring the use of assistive robots. Another relevant possibility is to capitalize on thermal IR imaging to provide AA with the capability of adopting behavioral or communicative strategies contingent with the actual psychophysiological state of the human interface. This possibility, even though still not completely available, could be particularly effective for affective robots and automatic agents designed for improving and personalizing learning or treatment strategies on the basis of the measured user's psychophysiological feedback.
Also, the technologically mediated interaction could be redesigned through the possibilities offered by thermal IR imaging, as it has been proved that collective emotions in cyberspace can be recorded and classified (Kappas, 2013) . Participants communicating in real time via a computer exhibited expression and electrodermal activations according to how well they got acquainted with each other in these interactions. They were physically separated, but online connected via text-based computer-mediated communication (Kappas et al., 2012) . These processes emerge in real time and they apparently apply to e-communities of considerable size (Chmiel et al., 2011) .
Of course, thermal IR imaging is not the first and unique attempt to endow the AA with the capability of understanding the affective and emotional state of the human interlocutor. This problem is well known to the robotic community (Pantic and Rothkrantz, 2003) . Multimodal user-emotion detection systems for social robots have been presented. Alonso-Martín et al. (2013) recently proposed the robotics dialog system (RDS). This system uses two channels of information to detect emotional state: voice and face expression analysis. For emotion detection in facial expressions, the authors developed the gender and emotion facial analysis (GEFA). This system integrates two-party solutions: the first one recognizes the object in the field of view (SHORESophisticated High-speed Object Recognition Engine) and the second one the facial expressions (CERT -Computer Expression Recognition Toolbox). The outcome of these components feed a decision rule to combine the information given by both of them to define the detected emotion. Cid et al. (2014) presented Muecas, a multi-sensor humanoid robotic head for human-robot interaction. Muecas uses the mechanisms of perception and imitation of human expressions and emotions. These mechanisms allow direct interaction through different natural language modalities: speech, body language, and facial expressions. Muecas can be directly controlled by Facial Action Coding System (FACS), which is defined by the authors as "practically the standard for facial expression recognition and synthesis."
The use of behavioral responses, like speech, body language, and facial expressions, appears to be the most natural for classifying the human interlocutor affective state. However, the amount Frontiers in Psychology | Cognitive Science of information about the physiological state of the human interlocutor derived from his/her behavioral response is limited or absent at all. In this perspective, thermal IR imaging provides an extraordinary opportunity to add physiological information to behavioral responses for a better classification of affective states and emotional responses (Figure 2) .
The above-mentioned studies, and the capability of thermal IR imaging of providing computational physiology data (Merla and Romani, 2007; Shastri et al., 2009; Merla, 2013) , makes this technique a powerful tool for studying the psychophysiology of interpersonal relationships and intersubjectivity.
As the automatic recording and real-time processing of thermal IR imaging data for psychophysiology in realistic scenario is possible (Buddharaju et al., 2005; Dowdall et al., 2006; Merla et al., 2011) , it seems that this technology, in combination or in addition with the other existing technologies, could potentially contribute to endow AA with the capability of monitoring the psychophysiological state of the human interlocutor. The technology and knowledge for achieving this result are available and already implemented in patent care and other applications (Merla, 2013) .
Real-time processing of thermal IR imaging data and data classification for psychophysiological applications is possible as the computational demand is not larger than that required for 640 × 480 pixels visible-band imaging data (Buddharaju et al., 2005; Dowdall et al., 2006; Merla, 2014) .
A major issue that needs to be addressed for a real use of thermal IR imaging in HMI is how specific method is for identifying specific emotional states at individual level. There are no specific studies available at the moment to answer such an important question, which remains matter of further research. A global limitation derives from the fact that cutaneous thermal activity is intimately linked to the autonomic activity. The question therefore becomes: "how specific and descriptive of each emotion are the autonomic responses?" A universally accepted answer is currently not available. Also no extensive studies are available about the fascinating possibility of merging together physiological information and automatic recognition of facial expressions for providing an atlas of the thermal signatures of emotions.
However, to date, no known attempts have been so far performed to integrate thermal IR imaging in any available system for robotic recognition of human affective state. Therefore, this opportunity remains a fascinating but still speculative possibility that needs to be validated with real-field studies.
